Academy of Science has developed an autonomous underwater vehicle (AUV) docking system to charge AUVs undersea. The whole project of the docking system was based on acoustic positioning and hydraulic driving. We have provided a funnel docking station equipped with axial adjusting mechanism, clamping mechanism and plugging and pulling out mechanism which adopts direct contact high-power charging manner and made some modifications to the AUV. The system has been successfully demonstrated autonomous homing and docking, wired charging and data downloading in the Qiandao Lake of Zhejiang Province. The lake trial results show that the docking station can effectively adjust the posture of the AUV. Docking system has high success rate and great engineering application value. This paper presents the design, development, trialing and results of the docking system for 534.4 AUV.
Since the early 1990s, research scholars at home and abroad have designed and demonstrated various AUV docking systems [3] . The developed docking system based on a funnel-shaped receptacle can minimize the modification of the AUV and has little influence on the acoustic navigation, AUV motion stability, navigation controlling and water resistance. As shown in figure 1. Woods Hole Oceanographic Institution proposed a compact bottom-mounted docking station for a modified Remus-100 [4] series AUV which was equipped with a position detection sensor and a linear actuator for latching and a plugin connector for charging [5] , [6] , [7] . Monterey Bay Aquarium Research Institute developed a docking system for a 21-inch diameter AUV which had a latch mechanism and a non-contact electronic interface. It was designed for a permanent deployment at 900m depth in Monterey Bay [8] , [9] . CIRS and Girona University in Spain developed a docking station especially for the Sparus II AUV, based on the SUNRISE FP7 project. It provided active and passive guidance for docking and had a latching mechanism [10] . The paper described the bio-inspired concept and electromagnetic finite element analysis-aided design and testing of an electromagnetic homing guidance system (EMHGS) comprising of an underwater dock with 400AT of electromagnetic dipole coil excited with the 20 Hz power supply and a twin-thruster AUV [11] . In 2015, Harbin Engineering University successfully realized the key technology verification of the docking between autonomous submersibles and deep sea space stations. It used the lifting lug and guide plate to restrict the rolling of the AUV, used the V-shaped block to lock AUV, and had a double headed ball hinge mechanism [12] . Zhejiang University developed a Dolphin II docking station with two swing degrees of freedom. Its gripper was made of three electromagnets. The locking and 
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Beijing, China, August 16, 2018 releasing of the AUV can be achieved by opening and closing the electromagnets [13] , [14] . There also has the REMUS100 surface drag device developed by Hydroid, its capture nose assembly incorporated a12VDC gear motor and spring actuated pawl to lock the AUV [15] . The Battelle-Bluefin Robotics UUV Docking and Recharging Station (UDRS) project developed and tested a concept for a UUV docking station. The vehicle used was a custom modified Bluefin-12. It recharged UUVs ~ 6 to 12 hours [16] , [17] . All of the docking systems are based on a contactless WiFi module except the US WHOI.
In this project, the docking system self-designed for 534.4mm (21inch) operating AUV has successfully completed the autonomous homing and docking, wired charging and data downloading in Qiandao Lake of Zhejiang Province, as shown in figure 2. The docking station described in this paper mainly solves two major problems of underwater high-power wired charging and precise positioning. It can save the cost of auxiliary equipment and manpower and adapt to the needs of science and technology special project from deep-sea space station. 
II. DOCKING SYSTEM RESEARCH
In combination with the working environment, working characteristics and technical requirements of the AUV, the corresponding mechanism has been designed for each docking function requirement. The docking station has been designed to be as small as possible and lightweight for easy transportation, deployment, and recovery.
The underwater docking of AUV is an automatic guide process, which uses Ultra-Short Base Line (USBL) acoustic positioning technology. We decided to adopt direct contact charging mode, considering the non-contact charging mode communicates slowly and increases the AUV's own load. The functional requirements of the entire docking station mainly include: orientation, cushioning protection, positioning lock, attitude correction, plugging and pulling out underwater, radio communication underwater, posture detection for docking station, wired charging and data transmission. It was necessary to design the axial adjusting mechanism, clamping mechanism and plugging and pulling out mechanism drove by hydraulic cylinder to ensure the success rate of inserting and pulling.
AUV funnel docking system mainly included three parts: control station, electronic cabin and hydraulic station, as shown in Figure 3 . The control station completed instructions giving, data gathering and other functions. Components such as the embedded controllers were sealed in the electronic cabin and provided external interfaces. Various types of sensors such as radios, TCM5 and travel switches were located outside of the electronic cabin. They worked together to achieve the high-power wired recharge of batteries, information feedback, data transmission and other functions between the docking station and AUV. The hydraulic station drove the agencies to perform the corresponding actions sequentially and the embedded controllers collected the information of the cylinders. 
III. THE AUV
The objective of this project is the operational AUV developed by the Shenyang Institute of automation, Chinese Academy of Sciences. It has a slender streamline shape, 8.4 meters long, weighs 1600 kilograms in air, the maximum diving depth is 200 meters and the horizontal rudder angle is 25 degrees. It has been equipped with a main propeller and four rudder plates at the tail, two vertical propellers at the head and the tail, and two side propellers at the middle and the rear, which together control the movement of the AUV at low speed and high speed. The main change of the AUV structure is the bow part, shown in Figure 4 . The following describes the structure of the bow.
A. Compliant Flange Mounted Receptacle Connector
The red component is SIEMENS flange mounted receptacle connector. It is fitted with 4 ways pin insert and Omnitec MKII (M25) hose fittings. Its max working depth is 4000m, the allowable radial error is ±20mm, angle error is ±20° and rotation error is ±15°. It weighs 1.84 kilograms in water and 2.29 kilograms in air.
B. USBL Sonar Transceiver
The green part is the USBL sonar transceiver. It was mounted in the vehicle nose. The control command is sent to the Industrial Personal Computer (IPC) through the serial ports and the USBL sonar transceiver worked according to the selected working mode. The IPC receives a new set of data every 3 seconds and manages the received data. If there is no new data, it will continue to upload the previous set of data. Its error rate is within 10% within 150 meters according to the experimental measurement data. 
C. Trigonometric Groove
The trigonometric groove of the gray part is mainly used to coordinate with the positioning pin in the docking station to correct the AUV's posture. As shown in figure 5 . The AUV passively adjusts the posture through the tangential force between the positioning pin and the trigonometric groove, which ensures the alignment accuracy of the connector and the socket. This is the key process to decide whether AUV can complete charging after successful docking. Due to the posture adjudication of AUV was performed after the AUV had been successful docked, it reduced the posture control requirements of the AUV before docking and increased the docking success rate. Fig. 5 The trigonometric groove and the pin
IV. THE DOCKING STATION
The design keeps the principles that structure is as simple as possible and has high reliability. The AUV docking station mainly includes: axial adjusting mechanism, clamping mechanism, plugging and pulling out mechanism, guiding funnel, ultra-short base line and travel-limit switch, as shown in Figure 6 . The travel switch is used to provide the position information of AUV after it has been docked. It is 4.7 meters long and weighs about 700 kilograms. Four beacons were arranged on the outside of the guiding funnel. The diameter of the tangential circle in the frame is 580mm. The interior of the frame was equipped with ABS boards which have the functions of cushion and AUV protection. As shown in figure 7. 
A. Axial Adjusting Mechanism
Axial adjusting mechanism is mainly used to adjust the AUV's axial movement. As shown in figure 8 . The hydraulic cylinder drove the suspension support blocks to do linear reciprocating motion on the guide shaft. It kept concentric with the guiding funnel. Two ring structures were used to ensure the stability of the motion. The AUV can be effectively cushioned and axial positioned through the contact between the top cover and the AUV's bow part. The static analysis of the top cover showed that the strength is sufficient (the maximum force of hydraulic cylinder is 2000N). 
B. Clamping Mechanism
Based on the shape of AUV's rotating body, the clamping mechanism was symmetrical at both ends. It used a simple linkage mechanism. The traditional V plate was replaced by the arc plate and the line contact was converted to the surface contact. The two arc plates were arranged side by side and the rear arc plate played an auxiliary role in the AUV posture. The intermediate plate which can conduct size adjustment was added to the mechanism to realize the arc plate encircling diameter 322.5mm-662mm range. The encircling diameter of 542mm was used in this design.
C. Plugging and Pulling out Mechanism
Plugging and pulling out mechanism is the final carry out structure for underwater docking. The success of docking depends on whether the connector enters the socket that the AUV carries. There is no guarantee that the position of the socket was same every time after AUV docking. Therefore, there was a deviation in the position or angle between the connector and the socket. We used a flexible mechanism consisting of a spring and a cardan joint to ensure the docking accuracy. This can passively compensate for deviations of position or angle and withstand the pulling force. The force that the plug connector can withstand ranges from 240 to 360 N. It weighs 0.96 kilograms in water and 1.20 kilograms in air, as shown in figure 9 . 
D Hydraulic Station
Hydraulic transmission has the advantages of flexible control, fast response speed and large force-to-mass ratio. The primary task of system design is to ensure the reliability and underwater sealing performance. The hydraulic system was selected as a parallel system, the direction control valve was selected with a three-position four-way solenoid valve which has the middle sealing function. The hydraulic source was a combination of the fixed pump and the relief valve. As shown in figure 10 . The system works in an underwater environment, and we need to consider the problems of pressure resistance and corrosion resistance for the components exposed to the water environment. The general docking sequence consists of the following steps: 1) AUV dives into the water. 2) Accurate station keeping. USBL receives a set of data every 3 seconds, but positioning requires at least 2 sets of data. There is a time delay so AUV hovers about 80 meters away from the target point. 3) AUV navigates to the target point. 4) Detect signal. The travel switch 1 which is touched indicates that the AUV has been docked successfully, and the travel switch 2 which is touched indicates that the AUV has reached the position. The docking is failed if the travel switch is not touched, then return to step 2 for the next docking. 5) The clamping mechanism performs the action to hold AUV. When the hydraulic cylinder detects the signal, the operation is completed and the AUV is limited. At this time, the positioning pin is located in the trigonometric groove. AUV closes the propeller. 6) The axial adjusting mechanism performs the action to push AUV backwards. This process will complete the calibration of the AUV's posture. When the hydraulic cylinder detects the signal, the connector and the socket are in alignment accuracy. 7) Inserting the connector to the socket to charge. 8) Checking whether the charging is finished. 9) Taking back the various mechanisms and releasing the AUV. The AUV exits, then returns to the recycling point.
VI. LAKE TRIAL RESULTS
We tested the performance of AUV and docking devices in the pool before went to the Qiandao Lake. We went to Qiandao Lake to carry out the AUV underwater docking trials in December 2017. The lake bottom of the trial area is flat relatively and the depth is between 40-50 meters. The depth of the thermocline was measured by using CTD. The docking station was placed below the thermocline to reduce the influence of thermocline on the positioning accuracy of USBL. In the previous experiments on the lake, we found that the beacon data converged more concentrated and the positioning result was better when the hovering distance became shorter, so we first needed to test the minimum adjustment distance of the AUV docking. We tested whether the radio communication underwater between the AUV and the docking station was normal before launching the docking station. The docking station was put in the middle of the catamaran through a rigid structure suspended from the crane at the depth of 7 meters in water. As shown in Figure 11 . In the trial, the AUV and the docking station were set at the same depth. A complete navigation track of the AUV lake docking is shown in Figure 12 . It was a one-time successful docking. The AUV entered water at point A and navigated to the set point D to hover for about 10 minutes. The Ultra-Short Base Line resolved the target position (point G). Then the navigation information of the AUV was corrected by a combination of Doppler, electromagnetic compass and motion sensors. AUV sailed to the target point after solving the target position. The FG segment is approximately 80 meters away. After completing the docking successfully, the AUV exited and sailed to the point A to complete the mission. If the docking fails, the AUV will return to the hovering position (point D) and execute the docking command again. The mission will be end if the AUV is trapped in the docking station. Most AUVs perform cruise missions at 2 knots, but the faster they are, the more challenges they will face. Because it is in the exploration stage and the speed is smaller, the more confident, so from the 0.5 knot to do the initial exploration, on the basis of the successful docking, the 1 and 2 knots of the docking test were carried out respectively. It was found that the impact of the 2 knots was larger and the docking station was suspended in the water through the steel pipe. Therefore, in order to prevent the damage of the station, the speed will no longer be increased. During the docking process, the AUV first came into contact with the guide cover and then was guided into the frame gradually. As shown in figure 13 . The charging operation can be completed smoothly as long as the AUV can be docked successfully. The effectiveness of the AUV's attitude adjustment method has been verified.
VII. CONCLUSION
The AUV docking system has been designed and achieved. The main features of this system are as follows: 1) The feasibility of the docking system was verified. 2) Adopting the direct contact electrical charging mode which has fast communication, high charging efficiency and strong data transmission capability.
3) The internal structure is simple and has high reliability and accuracy. It can adjust the AUV's posture effectively and reliably. 4) It has low requirement for the roll attitude of AUV when docking, and has high engineering application value. 5) It has great generality and is suitable for AUV of a certain size.
The next step is to study the mobile docking. We will use the AUV to carry the docking station to hover underwater and another AUV comes to docking. After that, we will further study the opposite direction docking and the same direction docking between the AUV and the docking station. In order to obtain our final goal of connecting the docking system to the observatory network, plenty of tests and improvements are still required. Then, we will design the second generation docking station product.
